Abstract−Zinc oxide (ZnO) was potentiostatically deposited on indium tin oxide (ITO) substrates. Comparing of the theoretical mass/charge ratio with experimental value measured by in-situ electrochemical quartz crystal microbalance, the origin of deposition mechanism of ZnO could be explained as follows: (i) surface pH enhancement due to the adsorption of hydroxide ion; (ii) the formation of intermediate species (i.e., zinc hydroxide (Zn(OH) + ); (iii) ZnO deposition with production of water. Ex-situ morphological and structural analyses by scanning electron microscope and X-ray diffraction strongly supported the deposition mechanism of ZnO. This also showed that hexagonal shaped ZnO islands were first formed on ITO cathode and grew into compact ZnO films, and the formation behaviour of ZnO was clearly explained via analysis of the profile of measured current.
INTRODUCTION
Of late, electrochemical deposition of metal oxides such as Cu 2 O [Golden et al., 1996; Jongh et al., 2000; Bohannan et al., 1999; Lee et al., 2002; Oh et al., 2004] , PbO 2 [Vatistas et al., 2000; Lee et al., 2000] , Y 2 O 3 [Lee et al., 1999] and ZnO [Itzaki et al., 2000; Peulon et al., 1998; Lee et al., 2001; Gu et al., 1999] has been receiving increasing attention due to the following reasons: (a) thickness and morphology of films can be precisely controlled by adjusting electrochemical parameters such as current or potential, (b) relatively uniform and compact thin films can be formed onto substrates of complex shapes or into column shaped material, (c) higher deposition rates can be easily obtained over conventional processing, and (d) the equipment required is inexpensive owing to the non-requirement of either high vacuum or high reaction temperature.
ZnO is an n-type semiconductor with a band gap of 3.2 eV and transparent metal oxide. It can be applied in ultraviolet-emitting diodes, piezoelectric devices, electron-field emitters, heterogeneous catalyst for methanol synthesis and short wavelength electro-optical devices [Zheng et al., 2002; Wang et al., 2003; Suh et al., 2002; Kim et al., 2004] . Up to now, ZnO from various electrolytes was well electrodeposited by different electrochemical methods. However, only a few studies of electrodeposition mechanism of ZnO have been reported. Izaki et al. [2000] studied the effect of cathodic current density and concentration on the structure of ZnO films. They suggested that the pH increased due to the reduction of nitrate ion giving rise to the precipitation of zinc hydroxide, and the following dehydration reaction induced the formation of ZnO. On the other hand, Peulon et al. [1998] investigated the electrodeposition of ZnO film in zinc chloride solutions and the effects of solution temperature and local pH changes during the formation of ZnO film. They presented that the growth of film was related to the fast precipitation-dissolution processes and well crystallized ZnO films could be obtained above 50 o C. We studied the effect of dissolved oxygen on the deposition rate of ZnO in our previous work [Lee et al., 2001] and it sufficiently increased local pH of the substrate, which gave rise to three times higher growth rate of ZnO film compared to that in oxygen-free electrolyte. More recently, Gu et al. [1999] showed that the growth rate of ZnO film was affected by substrate material.
In this work, we tried to understand mechanistic origin of ZnO electrochemical deposition by using in-situ electrochemical quartz crystal microbalance (EQCM) technique incorporated with morphological and structural analysis. Conducting characteristics and different growth modes of ZnO on ITO substrate were also discussed.
In the EQCM, the equation of the resonant frequency change for mass change has been presented by the well-known Sauerbrey equation [Buttary et al., 1992] ). Eq. (1) can be simplified as
in which C f (935.7 Hz/µg) is a constant solely determined by the properties of the quartz crystal. Electrodeposition was executed at constant potential mode (chronoamperometry) and the mass change of ITO cathode was measured by means of in-situ EQCM (Seiko EG&G QCA917). The morphology and crystal structure of deposited ZnO film were observed with scanning electron microscope (SEM, Hitachi S-4200) and X-ray diffraction (XRD, Phillips DY616).
EXPERIMENTAL

RESULTS AND DISCUSSION
Hydroxide ions produced by reduction of nitrate ion and dissolved oxygen (see Eqs. (3) and (4)) usually increase local pH of ITO substrates. As a result, zinc hydroxide (Zn(OH) + ) is formed near ITO surface (Eq. (5)). Then, as an initial stage of growth, hexagonal-shaped ZnO islands are formed on the ITO substrate (Eq. (6)).
where * and subscript ad indicate the vacancy site of the surface and the adsorption on the surface. Fig. 1 shows cathodic scan of ITO electrode in oxygen-saturated zinc nitrate solution with scan rate of 20 mV/s. Current plateau with irregular current oscillations was obtained between −0.45 V and −0.95 V and the potential of −0.72 V considered as appropriate value for ZnO electrodeposition was obtained. In the next step, the mechanistic origin of ZnO formation on ITO substrate would be investigated.
Figs. 2a and 2b show in-situ mass shift curve and current density profile at −0.72 V. Mass of the substrate is changed with three different rates, indicating the adsorption of hydroxide ion, the precipitation of zinc hydroxide, and the deposition of ZnO. In region (i), small mass increase of 0.015 µg is observed for initial 2.5 s due to the adsorption of hydroxide ions of ca. 1×10 −4 M. We assume that adsorbed hydroxide ions increase local pH of ITO surface from 5.2 to over 10 and induce the preferred formation of zinc hydroxide (Zn(OH) + ) (pls. refer to Refs. [Peulon et al., 1998; Izaki et al., 2000; Lee et al., 2001] ). Note that intermediate species, i.e., zinc hydroxide could be formed over pH 10 according to Pourbaix diagram and reaction (5) and exists as stable state, Zn(OH) + . As a result, the surface mass significantly increases in region (ii) and the slope of linear curve in region (ii) represents that ∆m/∆Q is 0.851 mg/C. It is in good agreement with the theoretical value of 0.855 mg/C for the formation of Zn(OH) + . In addition, the result supports Zn(OH) + ion be a reaction intermediate. On the other hand, in region (iii), experimental mass/charge ratio (∆m/∆Q) is 0.377 mg/C which is slightly smaller than the theoretical value of 0.420 mg/C. The difference of mass/change ratio could be originating from water production (see Eq. (6)).
Unlike mass change, cathodic current shows complicated responses which might be due to the following two reasons: (i) non-uniform local pH was formed onto and/or near the ITO substrate; (ii) the growth mode of ZnO could continuously change active surface areas. However, detailed reasons of complex current responses are not clear yet and thus, further studies should be performed. The structure and morphology of ZnO film formed onto ITO substrate are analyzed by XRD and SEM techniques. Fig. 3(a) shows the XRD data of deposited material on the ITO for initial 15 s (see region (ii) of Fig. 2 ). From that, there is no crystalline phase, indicating ZnO formation. As mentioned above, OH − generated by reaction (1) . Therefore, we could observe only a peak corresponding to ITO substrate. The structural measurement of deposited material after electrolysis time of 120 s is shown in Fig. 3(b) and several new phases (closed triangle) are detected on the ITO substrate, indicating the formation of ZnO.
The nucleation of ZnO islands formed in initial state of growth is shown in Fig. 4(a) . The growth of initial ZnO islands and new nucleation increase the density of ZnO islands and then, coalescence of adjacent islands is observed in Fig. 4(b) .
These SEM and XRD analyses strongly support the origin of electrodeposition of ZnO with the result of mass/charge pattern by EQCM.
In the faster mass/charge ratio of region (ii) in Fig. 2 , the incorporation of zinc ion is performed into adsorbed hydroxide ion on the ITO substrate. Relatively slower mass change rate of region (iii) in Fig. 2 relates to the ZnO deposition.
In direct current (D.C.) theory, resistance is defined by Ohm's Law (U=IR). And then, the resistance (R) by measuring the current (I) under applied constant potential (U) was calculated. Figs. 5(a) and 5(b) show the surface mass change and the resulting current, respectively, when constant cathodic potential of −0.72 V is applied. Three distinct current profiles and surface mass changes are obtained. In region (I), the average value of current density of −0.3 mA/cm 2 is obtained, while faster current density of −0.4 mA/cm 2 is observed in region (III). By calculating the mass/time, the higher deposition rate of 1.70 µg/min in region (III) was obtained, compared with 1.25 µg/min in region (I). Fig. 5(c) shows relative resistance with linear current and constant potential of −0.72 V. If initial resistance is assumed as 100%, only 77% of total resistance would be obtained after the formation of ZnO film. This result implies that ZnO film deposited is a better cathodic material compared with ITO substrates. Considering the increase of cathodic current shown in Fig. 5(a) , one might assume that ZnO deposition undergoes two different growth modes. In order to clearly prove this assumption, morphological analysis is conducted. Fig. 6 (a) and 6(b) are SEM images of ZnO/ITO in the electrolysis time of 10 min and 60 min, respectively. Throughout the transition region (II), islanding growth mode of ZnO on ITO is changed into bulk deposition of ZnO with uniform thickness. Fig.  6(a) shows a surface image of uniformly grown ZnO film. ZnO films 
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are compact structure with distinct hexagonal-shaped islands and single crystal size is about 0.8 µm (see Fig. 6(b) ). From cross-sectional SEM image (Fig. 6(c) ), one can clearly see three different layers, bare quartz crystal, ITO substrate, and ZnO films deposited without any defect (or hole) during growing. The growth rate of ZnO film is 0.2 µm/min.
CONCLUSIONS
We investigated electrodeposition mechanism of ZnO by in-situ EQCM and ex-situ surface and structural analyses. First, different slopes of mass/charge ratio at different electrolysis time by using insitu EQCM were obtained and indicated that ZnO could be formed during the production of water via intermediate species of Zn(OH) + . In addition, we observed a change of the growth mode; ZnO islands were initially formed on the ITO substrate and ZnO thin film was growing toward bulk deposition with faster deposition rate. Analyzing the current profile in the ZnO deposition under constant potential, we clearly demonstrated that the deposited ZnO has relatively lower resistance, compared to that of ITO cathode. After the formation of ZnO film on ITO cathode, about 23% of surface resistance was decreased and it indicated that deposited ZnO film has higher conducting characteristics compared with that of ITO substrate. 
